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SOIL BRIEF

208T1 and 24Na Gamma Sources for Tracing Soil Water

Movement with Deuterlum

208Tl In secular equilibrium with its parent nuclide 22%h

is superior to 24Ma as a gamma source for tracing downward

movement of heavy water (D20) in field studies because of its

longer half-life.

R. H. Hawkins, R. F. Overman, and J. C. Corey, Savannah River
Laboratory, E. I. du Pent de Nemours and Co’.,Aiken, South
Carolina, 29801
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A13STRAOT

The D20 soil water tracer technique Is based on the (y,n)

reaetion of high-energy ga~a photons with deuterlw to indibate

the tracer~s looation. The high-energy ga~a sources 208T1 and

24Ma were oompared In their effectiveness to produce neutrons

from heavy water (D20). In tests with vials of D20 at various

locations in 208-liter (55-gallon) dr~s of dry and moist soil,

24Ma gave 23X higher neutron count rates than 208Tl, but this

was more than offset by its shorter effeetlve half-life (15 hours

vs. 1.9 years).

Additional Key Words for Indexing? neutrons
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208TI and 24Na Gamma Sources for Tracing Soil Water
Movement with Deuteriuml

R. H. Hawkins, R. F. Overman, and J. C. Coreys

A nondestructive method was described by Haskell and Hawkins (3)

for tracing soil water movement in situ using the nonradioactive——

hydrogen isotope, deuterium, in heavy water (D20). Soil water

movement can be followed with this method for several weeks because

deuterium is stable, and heavy water closely resembles soil

water (1,5).,

In this method, D20 is injected at a desired soil depth outside

an access tube and its vertioal movement is traced by periodically

lowering into the access tube a modified soil moisture probe con-

taining a high-energy gamma source (24Na) and a slow-neutron detector.

Interaction of gamma photons >2.23 Mev with deuterium nuclei results

in the emission of neutrons (2). Some of these neutrons, after being

scattered and slowed by light nuclei in the soil, reach the detector

in the probe. A neutron count rate peak occurs when the probe is

at the depth of maximum 1)20concentration.

A disadvantage of the method, however, is its dependence on

24Na. Although this Isotope emits gamma photons of adequate energy

(2.’75Mev), its half-life is only 15 hours; thus, the source must

be frequently replenished for lengthy investigations. 208T1 was

proposed as a long-lived substitute for 24Na (3).

This paper reports a study to determine if 208T1 is a suitable

substitute for 24Na. 2°8Tl emits a 2.61-Mev gamma photon (2) -well

lContribution from the Savannah River Laboratory, E. 1. du Pent de
Nemours and Company, Aiken, South Carolina. The information contained
in this article was developed during the course of work under Contract
AT(07-2)-1 with the U. S. Atomic Energy Commission.

aResearoh Chemists and Research Physicist, respectively.
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above the threshold of 2.23 Mev for the (y,n) reaction - and has an

effective half-llfe of 1.9 years when in equilibrium with Its 228Th

parent. The 22%h decay chain includes a, ~, and T emitters. Neutron

backgrounds of 22 counts per minute per mc of gamma emitter (cpm/mc)

in moist soil and 13 cpm/mc in dry soil are attributed to (a,n)

reactions with light nuclei such as oxygen.

Because the gamma photons from 208Tl have slightly lower energy

than those from 24Na, less energetic neutrons

neutron count

were compared

rates.

rates are produced with 208T1.

experimentally to determine the

and slightly lower

The two gamma sources

difference in count

Experimental ~terlals and Procedure

Deuterium, as 9X D20 in 100-ml vials, was placed in two 208-

liter (55-gallon) drums of Gilead sandy clay. Soil was air-dried,

sieved to <2 mm, and paoked to a bulk density of 1.5 g/cm3 with

access tubes in place. The soil in one drum was saturated with H20,

covered with polyethylene sheeting, and allowed to drain for two

weeks through small holes in the bottom of the drum. The moisture

content of the wetted soil equilibrated at 13% (dry weight basis)

and remained there throughout the study. The dry soil (lx moisture)

in the second drum was similarly covered with polyethylene sheeting.

Tubes pfiotrudedthrough.the pol~ethylene’t,o”allowaccess without

exposing the soil to’changes in water content.

Each drum oontained a center access tube for the probe and 20

similar tubes for D20 placement, as shown in Figure 1. Four D20

placement tubes were spaced,evenly at each of 5 radial distances from

10/8/68 -4-
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the center tube. All tubes were 4-cIn-I.D.aluminum with 0.22-cxn-

thiok walls, and extended from the bottom of the dr~ to 5 cm above

the soil surface. The two drums were spaced 4 meters apart on a

aonorete floor.

Heavy water was contained in 100-mIlpolystyrene vials of

2.56-cKIo,D., 12.20-cm length, and 0.13-cm wall thickness. The

vials were attached to the lower ends of the aluminum tubes of

3.95-cm O.D. and 0.14-cmIwall thickness and 1OO-CM

eaoh drum, four tubes with D20 vials attached,,and

without vials. were filled with soil corresponding

to that in the drum.

For a given determination, one

tubes with vials of D20 were loaded

single radial distance in one drum.

to four of the

length. For

19 similar tubes

in water content

soil-filled

into the access tubes at a

Soil-filled tubes without vials

were loaded into the remaining tubes to minimize void space. The

probe containing the detector and source was placed in the center

access tube to measure the neutron

The vertical positions of the

to obtain the maximum count rates.

oount rate.

probe and D20 vials were varied

This probe position, 10 cm above

the bottom of the center access tube with the D20 vials at the

bottom of other access tubes, was used throughout the study.

Probe and Scaler

A modified Nuclear-Chicago P-19 depth moisture probe was used..,

The original BF3 neutron detector tube in the probe was replaced

with a %e-filled tubes to increase neutron detection efficiency.

The gamma source was in the lower part of the probe housing..

‘Type 252, LND Inc., Oceanside, N. Y.
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me .deteotortube was gamma-shielded bya lead cylind,er7-cm .

long and 3.68-cm in diameter. Neutron counts were registered on

a Nuclear-Chicago 3600A portable saaler operated on 60-cycle, 120-

volt alternating cu’rrente Two-minute oounts, corrected for back-

ground, were used throtighoutthe study.

Gamma Souroes

The 24Na source consisted of 2.3 g of dry Na2S103 encapsulated

In glass and sealed in an aluminum cylinder of 1.59-cxTIdiameter and

2.80-cm length. The cylinder and its contents received.lO1O

neutrons/cm2 in anuclear.reactor,. At thb bomple,t~dn’ofthis’.

irradiation the source oontained 20.5 mc of 24Na, based on measure-

ment of its high-energy gamma radiation.

The 20%1 source (4) was made by eleotrodepositing the parent

nuclide, 22%h, into a bismuth matrix. Bismuth was used to reduce

neutron production from (u,n) reaction with light nuclei such as

oxygen. The source was encapsulated in a stainless steel cylinder

of 3.O-cIndiameter and 3.5-cm length; After 208Tl had equilibrated

with 22%h (about 5 weeks), measurement of the high-energy gamma

radiation showed the souroe contained 2.70 mc of 208T1.

RESULTS AND DISCUSSION

Neutron count’rates measured with D20 at distances of 7.0, 9.5,

and 14.5 cm are given in Figure 2. Count rates at 19.5 and 22.0 cm

are not reported because they were too low to be reliable. The 24Na,

data were corrected for radioactive decay at 15-minute intervals.

10/8/68 -6-
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Decay correction of 20%1 data was considered unnecessary due to

the 1.9-year half-life of this source.

The data in Table 1 and Figure 2 show that higher neutron

count rates were obtained per mc o.f24Na than of 20%1 when other

factors were constant. This was expeoted beoause the 24Na gamma

photon has 0.14-Mev greater energy than that of 20%1. However,

the small differences between count rates for 24Na

not of major concern In selecting a source for D20

tracing.

The highest neutron count rates were obtained

moist SOI1, and at the closest (7-cm) distance between the probe

and the largest amount of D20 (Table 1 and Figure 2). This result

and 20%1 were

soil water

with 24Na, in

was e~pedtedbecause these conditions are most favorable to neutron

production and deteotion. Slopes of the lines in Figure 2 are

proportional to the neutron count rates per mc of gammaemitter.

Comparison of these slopes reveals greater dependence on soil water

content, and distance between 1)20and probe, than on the typeof

gamma source 20%1 or 24Na.

The ratios cpm/’mcwith 20%1
cpm/me with 24Na

were computed (Table 2) to provide

a better comparison between the relative neutron productivity from

D20 by the two gamma sources. No systematic variation appears in

these ratios as a result of distance between probe and D20 or of

soil water content. This result was expected because neutron count

rates with both 20%1 and 24Na should be affected equally by these

factors. In contrast,the general Increase in this ratto with

increasing volume of D20 was not expected; the authors have no

current explanation for this observation.

10/8/68 -7-
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Based on the mean overall count rate ratio of 0’.79(the most

208Tl will produce theuseful finding of this study), 1.27 mc of

same count rate of neutrons

S_RY

from D20 as 1.00 mc of 24Na.

AND CONCLUSIONS

1.

2.

3*

A 20~l.228Th

reaotton with

A 20~1.22%h

gamma source is satisfactory for the (y,n)

D20 soil moisture tracer.

gamma source produced neutron count rates

from D20 averaging 7% of those produced with an equal

activity of 24Na.

The 1.9-year half-life of a 208T1-228Th gamma source offers a

significant’advantage’over the 15-hour half-life of a 24Na gamma

source, and more than compensates for the slightly lower

neutron yield from D20 with 208T1.

10/8/68 -8-
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Count rate of neutrons (corrected for background)
for different volumes of D20, in dry and moist soil,
at different distan es from the source-detector

8probe containing 20 T1 or 2?Na.

Ratios of ~Pm/~c with 208T1 from different volumes
cpm/mc wtth 24Na

of D20 at different distances from the source-
detector probe in moist or dry soil.

Figure 1. Access Tube Arrangement in Soil Drums.

Figure 2. Neutron Count Rat s from
f &J8 )

n Reaction With
Deuterium Using 2 Na and T1 Gamma Sources.
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Count rate of neutrons (aorrected for background) for
different volumes of D20, in dry and moist soil, at
different di anoes f om the source-deteotor probe
containing 2~~ f1 or 2 Na.

Table 1.

Water
Content
of soil,
K/g

0.13

D20
Volume,

Rsl

Count Rate,

100 190

324

443

590

70

143

200

251

15

29

39

53

200

300

400

24Na 0.01 100

200

300

400

104

189

2b2

309

48

80

114

148

13

25

34

46

208Tl

208T1

49

96

164

215

0.13 100

200

300

400

130

248

363

530

10

21

33

52

94

132

210

270

0.01 100 31

60

103

134

10

22

29

37

200

300

400

* Distance between D20 and probe.

10/8/68 -11-
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Table 2. Ratio$ of oPm/mc with 20%1 from different volumes
cp~/mc with 24Na

of D20 at different distances from the source-
detector probe in moist or dry soil.

Water Content Count Rate,
D20 Volume,

2
cpm/mc

ml ~ 9*5 Cm” 14*5 Cmg

0.13 100 0.68 O*71 0.67

200 0.77 0.67 0.71

300 0.82 0.82 0.85

400 0.90 0.86 0098

0.01 100 0.90 0.64 0.76

200 0.70 0.75 0.65

300 0.87 0.91 0.84

400’ 0.87 0.90 0.80

Mean overall ratio: 0.79

* Distance between D20 and probe.

10/8/68 -12-
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FIG. 2 NEUTRON COUNT RATES FROM (y, n) REACTION WITH
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SOIL BRIEF

208Tl and 2“Na Gamma Sources for Tracing Soil Water
Movement with Deuterium

20aTlin secularequilibriumwith its parentnuclide228This superior

to 24Naas a gammasourcefor tracingdownwardmovementof heavywater (DzO)

in fieldstudiesbecauseof its longerhalf-life.

R. H. Hawkins,R. F. Overman,and J. C. Corey,SavannahRiverLaboratory,
E. I. du Pent de Nemoursand Co.,Aiken,SouthCarolina,29801
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ABSTRACT

In situ tracingof soilwatermovementwith the D20-2qNamethodhas

been limitedby the need to reactivatethe 2qNagammasourcefrequently

(half-lifeof 15 hours)in a nuclearreactor. Our laboratorystudyshowed

20*Tlproducedthe sameneutroncountratesas did 2“Nafromvials.ofD20

in dry ad moistsoil. The 1.9 years effectivehalf-lifeof 20eTlin

228~ is a significantadvantageofequilibriumwith its parentnuclide

208Tlover 2qNa, Recentcommercialavailabilityof 208T1.sourcesnow make

in 8itiD*O tracingof soilwaterfeasibleforinvestigatorsnothaving

accessto a nuclearreactor.

AdditionalKey Wordsfor Indexing:neutrons
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208Tl AND 2“Na GAMMA SOURCES FOR
TRACING SOIL WATER MOVEMENT WITH DEUTERIUM1

R. H, Hawkins,R. F. Overman,and J. C. Corey*

A nondestructivemethodfor tracingthe verticalmovementof soilwater

in situ usingthe nonradioactivehydrogenisotope(deuterium)as theoxide,

heavywater[D*O],wasreportedby HaskellandHawkins(3]. Themethodconsisted

of injectingD*O (usually400 ml) at a desireddepthin soil closeto an access

tube. The verticalmovementof the D20-taggedsoilwaterwas then tracedby

determiningits positionas oftenas desiredby scanningthe accesstubewith a

probeandscaler, The probe containeda high energygammasource(2qNa)and a

slow-neutrondetector. The methodwas basedon the interaction,with deuterium

nucleiin the D20, of gammaphotons>2.23Mev from the sourceto producephoto-

neutrons(2),some of which collidewith lightnucleiin the soil and are back-

scatteredto the detectoras slowneutrons. The highestcountrate of slow

neutronsoccursat the depthof the D20-taggedwater,and periodicscanstrace

the verticalmovementof this countratepeak.

Deuteriumis a good soilwater tracer (1,8)and the tracingmethodprovides

opportunitiesfor fieldstudiesof soilwatermovementwhich cannotbe made by

othermethods. Use of the method,however,has been limitedby the shorthalf-

life (1Shours)of 2+Na. Lengthystudiesrequirefrequentreactivationof a 2qNa

sourcenecessitatinga nuclearreactor, which is not availableto m~y investigators.

*Contributionfrom the SavannahRiverLaboratory,E. I. du Pent de Nemours
and Company,Aiken,SouthCarolina.
The informationcontainedin this articlewas developedduringthe course
of work underContractAT(07-3)-1with the U, S. AtomicEnergyCommission.

2ResearchChemistsand ResearchPhysicist,respectively.
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24Na (3)but satisfactory20aTlhas been proposedas a long-livedsubstitutefor

20eTlsourceshave only recentlybecomeavailable.Thispaper.describesa study

comparing20sTland 24Nagammasourcesfor soilwatertracingwith deuterium.

EXPERIMENTAL MATERIALS AND PROCEDURE

Gamna Sources

208Tlemitsa gammaphotonof 2.61Mev energy;that of

Both energiesare well abovethe thresholdof 2.23Mev for

with deuterium. A 20aTlsourceis actually228Thin which

daughter,has reachedsecularequilibrium.Although20*Tl

22BTh,1.9years,

The 2~eTlsource

24Na is 2.7SMev (2).

the (y,n)reaction

20*Tl,a radioactive

has a half-lifeof

sourceis that ofonly 3 minutes,the “effective”half-lifeof a zz6Th-z08T~

was made by electrodepositingthe parentnuclide,228Th,

into a bismuthmatrix (7). Bismuthwas used to reducethe lightelements

(especiallyoxygen)in the source,becauselightnucleicausean unwanted

neutronbackgroundthroughan (a,n)reaction. The sourcewas sealedinto a

stainlesssteelcylinderof 3.O-cmoutsidediameterand 3.5 cm in length.

After 208Tlreachedsecularequilibriumwith 228Th,requiring3 weeks (6),

measurementof the high energygammaradiationshowedtherewere 2.7mc of

208T1,

The 24Nasourceconsistedof 2.3 g of dry Na2Si03encapsulatedin glass

and sealedin an aluminumcylinderof 1.6-cmoutsidediameterand 2.8.cmin

24Nawith a totalneutronlength, The sodiumin the sourcewas activatedto

fluxof 1010neutrons/cm2in a nuclearreactor. Measurementof the high energy

24Nashortlyafteractivation.gammaradiationfrom the sourceshowed20.5mc of

-2-
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Decaycorrectionwas computedfrom this time.

Probe and Scaler

A modifiedNuclear-ChicagoP-19 depthmoistureprobe containedboth the

slowneutrondetectorand the gammasource [20ETlor 2“Na). The BF3 slowneutron

detectortubeoriginallyin the probewas replacedwith a 3He-filledslowneutron

detectortube3to increasedetectionefficiency.

The gammasourcewas locatedbelow the detectortube and 2 cm abovethe

bottomof the 47.8-cm-longprobehousing. A cylindricalleadshield3.68 cm in

diameterand 7 cm longseparatedthe gammasourcefrom the detectortube to

reducegamma-inducedbackground.Neutroncountswere recordedon a Nuclear-

Chicago2800Aportablescaler, Two-minutecountsweremade throughoutthe study.

Soi 1

Gileadsandyclaywas air dried,sievedto <2 mm, and packedto a bulk

densityof 1.5 g/cm3in two 208-liter(S5gallon)steeldrums56 cm in diameter

and 83 cm long,with accesstubesin place. The soil in one drumwas saturated

with HzO, coveredwith polyethylenesheeting,and allowedto drain

throughperforationsin the bottomof the drum. The water content

soil remainedat 0.13g/g (dryweight”basis)through-out‘thestudy.

for two weeks

of the wetted

The air dry

soil‘in’thes“edonddrumwas similarlycoveredwith’polyethylenesheetingand

remainedat 0.01g/g throughout-thestudy.’ ‘

3T e 252,LND Inc.,Oceanside,N. Y.YP

-3-
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Geometry

Each drum contained21 accesstubesconsistingof a centertube intowhich

the source-~etectorprobewas placed, and 20 similartubesfor placementof

D20 vials. ‘Theaccesstube arrangementis shownin Figure1. It can be seen

from the top view that at each of the five radialdistancesfour accesstubes

for D20 placementwere uniformlyspacedaroundthe centertube. All access

tubeswere aluminumwith 4-cm insidediameters,0.22-cmwall thicknesses,and

extendedfrom the bottomof the drum to 5 cm abovethe soil surface. The two

drumswere placedupright,4 metersaparton a concretefloor,

Deuteriumfor the (y,n)reactionwith the 208Tlradiationwas in the form

of 99% D20 in 100-mlpolystyrenevials. The vialswere 2.56 cm in outside

diameter,12.20cm long,and had wall thicknessesof 0.13 cm. Each vialwas

sealedand attachedto the bottomof ~ aluminumtubeof 3.95 a outside

diameter,100,cmlengthand 0.14-cm-wallthicknesses.Eightsuch tubeswith

D20vialsattached,and 40 tubeswithoutDAO vials,were packedwith soil

as used in the drums (24moistsoil,24 dry soil). Thesewere placedin the

accesstubesof the drums

Count Rate Measurements

as needed.

For all measurements,the probewas positionedin the centeraccess

of a drum of soi~, 10 cm abovethe bottomof the drum, Lowerpositioning

preventedby a damagedcenteraccess

bottomof theiraccesstubes,resting

tubesoccupiedthe accesstubespace

otheraccesstubesduringcountrate

tube in one drum. D20 vialswere at

on the bottom

abovethe DzO

measurements.

centerof the gammasourceto centersof DAO vials

tube

was

the

of the drum. Soil-filled

vialsand also filledall

Actualdistancesfrom the

in the variousradial

-4-
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are shownin Figure1.

to each countratemeasurementwith D20, duplicatetwo-minuteback-

groundcountswere made with soil-filledtubesoccupyingall accesstubesand

with no D20 vialspresent. From one to four soil-filledtubesat a single

radialdistancewere next replacedwith soil-filledtubesattachedto 100ml

vialsof D20. Duplicatetwo-minutecountswere thenmade beforerepeating

backgroundcountingand proceedingwith a differentDzO configuration.All

countrates,includingbackground,are expressedas countsper minuteper

millicurie(cpm/mc)of the gammasourceused to facilitatedirectcomparisons

betweenresultsobtainedwith differentmc amountsof 20*Tland 24Na.

Neutroncountrates

RESULTS AND DISCUSSION

obtainedwhen the probe and D20 vialswere separated

by distancesof 10.4,12,2,and 16.4 cm are givenin Figure2. Countrates

obtainedwhen the probe and D20 vialswere separatedby distancesof 21.0and

23.3 cm were low and unreliable.Satisfactoryresultsat the greaterdistances

couldhave been obtainedwith longercounting

largeramountsof D20, but were not essential

2“Nawere correctedCountratesobtainedwith

sourceat 15-minuteintervals.

sourcebecauseits decayduring

No correction

times,largergalmnasources,or

for comparingthe two sources,

for radioactivedecayof this

was made for decayof the 20*Tl

the threedays of use was lessthan 0.5%.

The resultsin Figure2 show thatundercomparableconditionsof soil

moisture,distance,and D20 amount, similarneutroncountrateswere measured

per mc of Z08T1~d of 2qNa. This is the most significantresultof

this studyand providesa basisfor the comparativeevaluationof the two

gammasources.
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The similarneutroncountratesobtainedwith the two gamma

a rangeof conditionsindicatesthat the differenceof 0.14Mev

sources

between

high energygammaphotonshas a negligibleeffecton

deuteriumin soil studies,

Highestneutroncountrateswith either208Tlox

neutronproduction

2QNawere obtained

four 100-mlvialsof D20 at 10.4cm from the probein the drum of moist

Thiswas anticipatedbecausetheseconditionsplacedour maximumamount

under

their

from

with

soil.

of

D20 at our minim~ distancefrom the probe in soilwhichwas most favorable

for neutronscattering.Conversely,lowestcountratesshownabovebackground

with either20aTlor 2“Nawere obtainedwith one 100-mlvial [ourminimum

amount)of D20 at 16.4cm distance(ourmaximumshown)fromthe probe in the

drum of dry soilwhichwas leastfavorablefor neutronscattering.

Backgroundcountsresultfrom severalreactionsand interactionsincluding

(a,n)reactionswith lightnucleiwithinthe sealed20eTlsource,(y$n)reactions

with naturaldeuteriumin the soil and soilwater,gammaeffecton the detector

(sometimescalled“gammanoise”),and cosmicradiation. Backgroundcountrates

cannotbe properlyexpressedas cpm/mcof gammaemitterbecausesome of the

contributionsto-backgroundare not proportionalto “thesize of the gammasource.

Insteadrepresentativebackgroundcountratesand the conditionsunderwhich

&heywere measuredwill be given.

Representativebackgroundcountratesmeasuredin the drum of moistsoil

were 166 cpm with 8.8 mc of 2“Naand 58 cpm with 2.8mc of 20*T1. Comparable

backgroundcountratesmeasuredin the drum of dry soilwere 61 cpm with 7.7mc

of 2qNa and 33 cpm with 2.7mc of 20aT1. Recognizingthat a part of the back-

groundcountrate resultsfrom the amountof gammaemitterpresent,it is noted

-6-
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thatbackgroundsmeasuredwith 20*Tlwere slightlylowerper mc of gamma

emitterthanwere thosemeasuredwith 2“Na. This suggeststhat the backgrounds

20*Tlsourcehad noassociatedwith our

with associatedlightnucleiwithinthe

largecontributionfrom (a,n)reactions

source.

Our 2.7 mc 20*Tlsourcewas adequatefor the comparativemeasurementsmade

underthe controlledconditionsof this study. The source,however,was con-

sideredtoo smallfor satisfactoryfielduse. Approximately50 mc of 208Tlire

consideredadequatefor fielduse and shouldpermitaccuratesoilwater

2kNasourcewouldrequirewith an injectionof 400 ml of D20. (A50 mc

ment or reactivationdailyto maintain>25 mc, but a 50 mc 2oBTlsource

be used for nearlytwo yearsbeforedecayingto 25 me).

tracing

replinish.-

could

soilwatermovementdiffersfrom the measurementsin

here primarilyin that the DzO is injectedinto the soil

vials. Injectedtracerbecomesincreasinglydiffusewith

of soilwater,resultingin a decreasingcountrate. To

In situ tracingof

drumsof soil reported

and is not confinedin

time and with movement

compensatefor the greatercountingerroras countratesdecline,longercount-

ing timesmay be necessary(5), Excessivelengthof countingtime and flatten-

ing of the tracerpeak eventuallydictatewhen a new volumeof D20 is required

at anotherdepthor accesstube site to continuetracing.

The recentlyannouncedavailabilityof 208Tlsourcesfrom a cotiercial

producerqand the continuingsale of DzO for researchuse5 offerincreased

opportunityfor investigatingsoilwatermovement. In additionto the demon-

stratedeffectivenessof the DzO tracermethodfor measuringdownwardmovement

of soilwater at shallowdepths (3,4),thereare numerousotherpossibleappli-

cations. Theseapplicationsincludemeasurementof the upwardcomponentof

-7-
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soilwatermovementat shallowdepths,measurementof both upwardand downward

movementof soilwaterimmediatelyabovethe water table,measurementof soil

water flowparallelto the surfaceof steepslopes,and evaluationof design

and constructionof waterholdingstructuresby measuringwatermovementin

the underlyingsoil.

‘AmershamSearleCorp.,DesPlaines,Illinois.
5U S AtomicEnergyCommission,Savanah RiverPlant,Aiken,S.C.. .

PW:jh

7/28/70

-8-



.

DP-MS-68-43

1.

2.

3.

4.

5.

6.

7.

8.

LITERATURE CITED

Corey,Jo C. and J. H. Horton. 1968. Movement
2H 3H and 180throughacidickaoliniticsoil.8 8

Proc.32: 471-47S.

Hanson,A. O. 1949. Energiesof neutronsfrom

of watertaggedwith

Soil Sci. Sot.Amer.

MsTh-D,La-D,Y-Be and

Sb-Bephoto-neutronsources. Phys.Rev. 7S: 1794-1799.

Haskell,C. C. and R. H. Hawkins. 1964. D20- Na24method

soilmoisturemovementin the field. Soil Sci, Sot.Amer.

725-728.

for tracing

Proc.28:

Hawkins,R. H. and J. H. Horton. 1967. Bentoniteas a protectivecover

for buriedradioactivewaste. HealthPhysics13: 287-292.

Kinsman,S. (cd.] 1957, RadiologicalHealthHandbook,p 128-129,

Officeof TechnicalServices,U. S. Dept.of Commerce,Washington,D. C.

Kirby,H. W. 19s4. Decayand growthtablesfor naturallyoccurring

radioactiveseries, Anal.Chem. 26: 1063-1071.

Propst,R. C., R. F. Overman,T. S. McMillan

Preparationof a high energygammasourceby

from fusedsalts, USAECReportDP-1166.

and E. J. Edeburn. 1968.

electrodepositionof 22ETh

Zimmerman,U., K. O. Munnich,and W. Roether, 1967. Downwardmovement

of soilmoisturetracedby means of hydrogenisotopes. In Isotope

Techniquesin the HydrologicCycle. GeophysicalMonographSeriesNumber

11: 28-36. AmericanGeophysicalUnion,Washington,D. C.

-9-



. ... .., . ......... ... .. ... . .. . . . . .
I

* .

LIST OF FIGURES

Figure1. Accesstubesin drumsof soil.

Figure2. NeutronCountrateswith four levelsof DzO at three

distancesfrom 20eTlor 29Nain dry or moist soil.
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